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Abstract: The study of plant phenology has 
frequently been used to link phenological events to 
various factors, such as temperature or photoperiod. 
In the high-alpine environment, proper timing of the 
phenological cycle has always been crucial to 
overcome harsh conditions and potential extreme 
events (i.e. spring frosts) but little is known about the 
response dynamics of the vegetation, which could 
shape the alpine landscape in a future of changing 
climate. Alpine tundra vegetation is composed by an 
array of species belonging to different 
phytosociological optima and with various survival 
strategies, and snowbed communities are a relevant 
expression of such an extreme-climate adapted flora. 
We set eight permanent plots with each one in a 
snowbed located on the Cimalegna plateau in 
Northwestern Italy and then we selected 10 most 
recurring species among our plots, all typical of the 
alpine tundra environment and classified in 3 
different pools: snowbed specialists, grassland species 
and rocky debris species. For 3 years we registered the 
phenophases of each species during the whole 
growing season using an adaptation of the BBCH 
scale. We later focused on the three most biologically 
relevant phenophases, i.e., flower buds visible, full 
flowering, and beginning of seed dispersion. Three 
important season-related variables were chosen to 
investigate their relationship with the phenological 
cycle of the studied species: (i) the Day Of Year (DOY), 
the progressive number of days starting from the 1st of 
January, used as a proxy of photoperiod, (ii) Days 
From Snow Melt (DFSM), selected to include the 
relevance of the snow dynamics, and (iii) Growing 
Degree Days (GDD), computed as a thermal sum. Our 
analysis highlighted that phenological development 
correlated better with DFSM and GDD than with DOY. 
Indeed, models showed that DOY was always a worse 
predictor since it failed to overcome interannual 
variations, while DFSM and marginally GDD were 
better suited to predict the phenological development 
of most of the species, despite differences in 
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temperature and snowmelt date among the three 
years. Even if the response pattern to the three 
variables was mainly consistent for all the species, the 
timing of their phenological response was different. 
Indeed, species such as Salix herbacea and 
Ranunculus glacialis were always earlier in the 
achievement of the phenophases, while Agrostis 
rupestris and Euphrasia minima developed later and 
the remaining species showed an intermediate 
behavior. However, we did not detect significant 
differences among the three functional pools of 
species. 
 
Keywords: Alpine plants; Climate change; Growing 
degree days; Italian Alps; Salix herbacea; Snowbed 
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Introduction  
The most recent scenarios show that high-
elevation and high-latitude biomes have been 
remarkably affected by Climate Change and the 
impacts will rapidly increase in the next future 
(IPCC 2019b). Therefore, the European Alpine 
region will likely witness an increasingly dramatic 
warming and a severe alteration of snow dynamics 
(Rixen et al. 2008). In this biogeographic region, 
the so-called ‘snowbeds’ are landscape portions 
generally located at altitudes above 2500 m a.s.l. 
on small, flat surfaces, where snow cover lasts up to 
10 months/year on relatively deep soils with 
considerable organic layers (Freppaz et al. 2010). 
During the snow cover period, thanks to the 
insulating properties of the thick snowpack, soil 
temperature seldom drops below 0°C and freeze-
thaw cycles are rare (Carbognani et al. 2012; 
Petraglia et al. 2014). Although currently 
fragmented, snowbeds may help detecting which 
climatic alterations could potentially threaten the 
whole arctic and alpine biomes in the future (Björk 
and Molau 2007). According to the most recent 
reports, snow-dependent species of polar and 
mountain regions are already declining in 
abundance and their seasonal activities suffer from 
alterations due to changes in winter and spring 
climatic dynamics, causing an increase in their risk 
of extinction (IPCC 2019b). Even species that are 
not threatened in the short term, due to a higher 
ecological plasticity, are likely to suffer a decrease 
in their overall performances (Sedlacek et al. 2015).  
The snowbed vegetation is composed by a 
specific array of species, comprising a number of 
different survival strategies. Indeed, within this 
habitat, species with different phytosociological 
optima can coexist, and three main functional 
pools of species can be generally found, namely (a) 
snowbed species, (b) grassland species and (c) 
debris species. Also Ninot et al. (2013), studying 
functional traits of alpine tundra plants, grouped 
species into these three categories. More 
specifically, together with snowbed specialists, 
which are the most adapted to the long-lasting 
snow cover conditions, typical grassland species as 
well as ridge and pioneer species from surrounding 
grasslands and rocky outcrops can profit of small 
scale niche differentiation within the snowbed 
(Körner 2003). Unlike the ridge vegetation which 
is adapted to resist severe cold, strong winds and 
spring frost, snowbed vegetation benefits from the 
insulation provided by the thick, long-lasting 
snowpack. The persistence of this layer not only 
prevents possible late spring frost damages on 
plants reproductive structures, but it also 
maintains an ideal soil moisture content during the 
whole growing season (Isard 1986). Within this 
habitat, most of the species are perennials, for 
instance, the most distinctive snowbed species is 
the dwarf shrub Salix herbacea L., which despite 
the small size of the aerial parts can develop an 
impressive and extremely ramified root system and 
shows pronounced longevity (Wijk 1986; Beerling 
1998). Some other species, such as Poa alpina L. 
subsp. vivipara, implement a strategy of agamic 
reproduction instead of the gamic one, which at 
this elevation requires a higher energetic effort and 
has a lower success rate.  
Phenology has been frequently used to 
investigate the response of the life cycle of alpine 
plants to a wide range of environmental and 
climatic variables (Ernakovich et al. 2014; 
Khorsand et al. 2015; Ding et al. 2016). 
Additionally, phenology is an effective parameter to 
test whether or not species will be able to adapt 
with the progressive anticipation of snowmelt 
(Schmid et al. 2017), since the correct timing of 
sensitive phenophases is crucial for their survival. 
Indeed, in the alpine environment, rising 
temperatures and sudden alterations in the snow 
dynamics, such as reductions in mass and duration 
of the snow layer, are the most likely drivers of 
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changes that could affect plant species survival 
(Huelber et al. 2006). The high-elevation 
environment is likely to maintain, in the short 
term, a certain degree of protection against spring 
frost, due to a less dramatic reduction of the 
amount and duration of the snow cover (Klein et al. 
2018) when compared to low or medium-elevation 
environments, which are more at risk of frost-
related damage (Vitasse et al. 2018). On the other 
hand, more competitive species of typical alpine 
grasslands could benefit from advantages such as 
the elongation of the growing season (Wang et al. 
2016) or the increased nutrient input in the soil 
due to a higher bacterial activity (Freppaz et al. 
2008) at the expense of the strongly adapted 
snowbed specialists. Most of the literature carried 
out up to now has mainly focused on the flowering 
phenological stages (Totland et al. 2002; Kawai 
and Kudo 2011; Carbognani et al. 2016; Richardson 
et al. 2017), while the analyses of other 
phenophases which could be relevant for the 
success of the species is far less common. 
In our study, we assessed the linkages between 
plant phenology (expressed through phenophases) 
and three temporal and climate-related 
explanatory variables that are commonly used in 
literature to predict the progression of phenological 
events. The first one was the Day Of Year (DOY), 
the Julian date or progressive number of days 
starting from the 1st of January, as it is widely 
considered to be an effective proxy of the 
photoperiod for alpine vegetation (Kimball et al. 
2014) and has been frequently adopted to describe 
flowering phenophase, especially at low-elevation 
environments (for instance by Moriondo et al. 2001 
and Iannucci et al. 2008). A conspicuous number 
of studies have also explored its suitability to 
outline the response of alpine plant communities to 
photoperiod (Kimball et al. 2014; Petraglia et al. 
2014). Snowbed vegetation is generally expected to 
be less responsive to this factor when compared to 
communities typical of early melting snow cover 
sites (Hülber et al. 2011) but, due to its composite 
pool of species and the interaction of multiple 
environmental factors, the correlation between 
snowbed species phenology and DOY is still far 
from being thoroughly inspected. The second 
variable we used was Days From Snow Melt 
(DFSM), which is the progressive number of days 
after snowmelt (used in Wang et al. 2015; Delnevo 
et al. 2018). It represents a simple yet effective 
explanatory variable to explore the relationship 
between plant phenology and the spring dynamics 
of the snowpack (Kimball et al. 2014; Petraglia et al. 
2014) and to understand the relationships between 
the risk of late frost damage and an increasingly 
early snowmelt. In snow-dependent habitats this 
kind of variables are widely adopted to investigate 
the risk of frost damage correlated to an 
increasingly early snowmelt, but its use to describe 
the whole phenological cycle has been less frequent. 
The third explored variable was Growing Degree 
Days (GDD), which accounts for the sum of 
temperatures above which plants carry out their 
physiologic processes starting from a certain 
baseline temperature. GDD is largely adopted in 
agronomy and plant science and considered an 
effective predictor of plant phenological responses 
(Moriondo et al. 2001; Lonati et al. 2009; Sedlacek 
et al. 2015). Nevertheless, it is still uncertain to 
what extent thermal requirements of alpine species 
are due to their plasticity or their genetic 
adaptation (Kawai and Kudo 2011; Domenech et al. 
2016).  
The aim of the present study was to investigate 
the occurrence of certain phenophases in a pool of 
alpine tundra species belonging to different 
functional groups (i.e. snowbed, grassland and 
debris species), taking into account interannual 
fluctuations. The objective of this research was to 
address the following questions: 1. Which temporal 
and climate-related variable is more related to the 
phenophases of different alpine tundra species? 2. 
Are there significant differences in the phenological 
development among these species? 3. Are there any 
differences among functional pools of species? 
1    Materials and Methods 
1.1 Study area 
The experiment was carried out at the 
Cimalegna Plateau (Sesia Valley, North-western 
Italian Alps), an area close to Monte Rosa Massif 
(45°52'12.0"N, 7°53'3.0"E) and with an elevation 
ranging between 2600 and 2900 m a.s.l. The whole 
area is included in the international Long Term 
Ecological Research monitoring network (LTER 
2020), within the site Mosso, Passo Salati-Col 
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d'Olen (IT). 
The bedrock was mainly micaschists, with 
some inclusions of ophiolites and calcicschists 
(Magnani et al.). Within the Plateau, the vegetation 
was composed by a mosaic of three main 
phytosociological associations: (i) Androsacetum 
alpinae (Br.Bl. in Br.Bl. et Jenny 1926) on the 
steeper slopes with medium or large silicic debris; 
(ii) Caricetum curvulae (Rübel 1911) with acidic 
grasslands species on windy ridges and gentle 
slopes; and (iii) Salicetum herbaceae (Rübel 1911) 
on snowbeds with longer snow cover duration and 
deeper soils.  
During the last decade the area was 
characterized by a mean annual air temperature of 
7°C in the snow-free period, a cumulative average 
annual snowfall of 805 cm, and a mean annual 
liquid precipitation of 283 mm (Meteomont, 
Stazione Mosso). The snow cover duration lasted 
263 days on average, with the snowpack developing 
by late October - early November, while snowmelt 
starts in late May to early June on the steeper and 
more sunny slopes and up to mid-July in some of 
the shadiest snowbeds.  
1.2 Phenological monitoring 
A set of eight permanent plots was established 
within eight snowbed sites (Figure 1), all including 
the Salicetum herbaceae association. Plots were 
located at an altitude ranging from 2686 to 2854 m 
a.s.l., on flat and homogeneous surfaces. 
Each plot was a 4 m × 4 m square and was 
equipped at ground level with a HOBO Pro v2 U23-
00x (Onset Corp., Pocasset, MA) thermal probe 
measuring hourly temperature since the beginning 
of the monitoring. 
During the summer 2015, botanical surveys 
were carried out to describe the plot vegetation 
composition and identify the most frequent plant 
species. For the phenological monitoring we 
selected ten species which were widespread over 
the Plateau and common among the eight plots 
(Table 1). In this study, we grouped the species in 
three functional species pools that reflect the main 
habitats in the surroundings. In order to identify 
the different pools, which were characterized by 
similar ecological needs, we classified each species 
according to its phytosociological optimum at the 
 
Figure 1 Distribution of the survey plots on the Cimalegna Plateau, in the Western Italian Alps. Coordinates are 
referred to the system WGS 84/UTM zone 32N. 
J. Mt. Sci. (2020) 17(9): 2081-2096 
 2085
class level, following Aeschimann et al. (2004). 
Moreover, species in phytosociological classes 
having physiognomic, ecological, and floristic 
similarity were pooled according to Aeschimann et 
al. (2004). Accordingly, we were able to identify 
three main functional species pools: snowbed 
specialist species (hereafter, snowbed), typical 
alpine grassland species (hereafter, grassland) and 
rocky debris species (hereafter, debris).  
For the phenological monitoring each 4 m × 4 
m plot was permanently divided in 16 subplots 1 m 
× 1 m used as pseudo-replicates, where we 
recorded the phenophase of the most advanced 
individual of each species. The phenophase was 
assigned with a visual observation using an 
adaptation of the BBCH scale (Hack et al. 1992) 
fitted for the snowbed plant communities as a 
reference (Appendix 1). Such adapted scale consists 
in a series of progressive numbers ranging from 0 
to 59, with the tens representing the major 
phenophases in chronological order (Shoots 
emergence, Leaves development, Flower buds, 
Flowering, Fruiting, Seed dispersal) and the units 
representing the advancement of said phenophases. 
The surveys were carried out every vegetative 
season along a three-year span (2016, 2017 and 
2018) for seven up to nine times per year. Since the 
initial stages occurred very quickly right after snow 
melt, the monitoring dates were closer, thus the 
surveys were carried out every week at the 
beginning of the growing season (i.e. June-July). 
The frequency of the surveys was reduced to one 
monitoring date every two or three weeks towards 
its end (i.e. August-September), matching the 
deceleration of the growing cycle and the greater 
time lag occurring between recognizable 
phenophases. The average frequency at the 
beginning of the growing season was coherent with 
other studies in the Alpine area (Larl et al. 2006; 
Filippa et al. 2015; Carbognani et al. 2016). A 
photographic handbook of the phenophases was 
drawn during the first year of monitoring to avoid, 
as far as possible, interannual surveying bias. The 
subplots in which no individual for a given species 
reached at least the flowering stage at the end of 
the season were excluded from further analysis.  
1.3 Statistical analysis 
We considered the raw stages as pseudo-
replicates, therefore we did not use them as 
replicates in the further statistical analyses. For 
every monitoring date, the phenophase of the 
species occurring in each plot was calculated as the 
median value of the 16 subplots, in order to avoid 
outliers. We studied the relationships between 
plant phenophases and DOY, DFSM, and GDD to 
investigate the effects of these three temporal and 
climate-related variables as proxies of photoperiod, 
snow dynamics and temperature, respectively. The 
values of the three proxy variables were 
interpolated on three phenophases selected as the 
most relevant for their biological role: (i) 
Phenophase 20, corresponding to inflorescence or 
flower buds visible; (ii) Phenophase 35, 
corresponding to full flowering; and (iii) 
Phenophase 50, corresponding to the beginning of 
seed dispersal. Since plants are sensitive to climatic 
threats, such as late spring frost, these 
phenophases were selected as the most relevant, 
since they are critical for plant survival and 
reproduction. The GDD base 0°C was calculated for 
every date and plot starting from the 1st of January 
(Figure 2). This type of thermal sum was used 
instead of the more common GDD base 5°C, since 
alpine plants have lower thermal requirements 
Table 1 List of the target species selected for this study, with their growth form, optimum class and the identification 
of functional pool. 
Species Growth form 
Landolt (2010) 
Optimum class 
Aeschimann et al. (2004) 
Functional 
species pool 
Agrostis rupestris All. Perennial graminoid Elyno-Seslerietea variae Grassland 
Alchemilla pentaphyllaea L. Perennial forb Salicetea herbaceae Snowbed 
Euphrasia minima Jacq. ex DC. Annual forb Juncetea trifidi Grassland 
Gnaphalium supinum L. Perennial forb Salicetea herbaceae Snowbed 
Leucanthemopsis alpina (L.) Heywood Perennial forb Juncetea trifidi Grassland 
Luzula alpinopilosa (Chaix) Breistr. Perennial graminoid Salicetea herbaceae Snowbed 
Poa alpina L. Perennial graminoid Molinio-arrenatheretea Grassland 
Ranunculus glacialis L. Perennial forb Thlaspietea rotundifolii Debris 
Salix herbacea L. Perennial shrub Salicetea herbaceae Snowbed 
Veronica alpina L. Perennial forb Thlaspietea rotundifolii Debris 
J. Mt. Sci. (2020) 17(9): 2081-2096 
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when compared with lowland species (Legault and 
Cusa 2015; Carbognani et al. 2016; Mulder et al. 
2017).  
In order to explore the relationship between 
the phenological development and explanatory 
variables, a correlation analysis (Spearman’s 
correlation) was carried out separately for each 
species. The medianphenophases values, recorded 
during all the years and in all the plots, were 
plotted per each species against DOY, DFSM and 
GDD separately. Spearman’s coefficient was 
computed and used to compare the different 
correlations. 
Then, in order to analyze the interannual 
differences we used Generalized Linear Mixed 
Models (GLMMs) for each species and for each 
phenophase. Separate models were run with DOY, 
DFSM and GDD set as response variables against 
year while the plot was used as random factor. We 
built models using both Gaussian and Gamma 
distribution, then we chose the best fitting one, i.e. 
that one showing the lowest Akaike Information 
Criterion (Zuur et al. 2009). When significant 
differences were found, Tukey’s post-hoc tests were 
used to assess variations in vegetation response 
amongst years.  
Finally, to compare how the phenological 
development of different species could respond to 
different factors, GLMMs were again run 
separately on the values interpolated on the three 
phenophases. Models were built with DOY, DFSM 
and GDD as target variables, species as a fixed 
factor while plot and year were considered as 
random factors. When significant effects were 
found Tukey’s post-hoc test was used to assess 
differences amongst species. The same analysis was 
performed using functional pool of species as fixed 
factors, to compare difference between snowbed 
species, grassland species and species of the rocky 
debris. The DOY, DFSM and GDD were used as 
response variables against functional species pool, 
while species were set as fixed factors and plot and 
year random factor. We built models using both 
Gaussian and Gamma distribution, selecting the 
one with a lower AIC (Akaike Information 
Criterion) according to Zuur et al. (2009).  
All the statistical analyses were performed 
with R 3.5.2. 
2    Results 
2.1 Interannual differences 
The temperature trends of the three studied 
years within the eight monitored plots are reported 
in Figure 1. Over the course of the monitoring, 
average yearly temperatures of whole snow-free 
period had small differences (8.5°C in 2016, 8.6°C 
in 2017 and 7.9°C in 2018). On the other hand, 
both the length of the snow-free season and the 
date of snowmelt varied among years, highlighting 
how 2017 was different from years 2016 and 2018. 
The snowmelt date for all the eight plots was on 
average on DOY 187 during year 2016, on DOY 165 
during 2017 and on DOY 194 during 2018, i.e. with 
a variation range of about a month. The average 
variation in snowmelt date among plots was 17 
days throughout the whole monitoring period, with 
a difference of respectively 11 and 14 days between 
 
Figure 2 Daily mean temperatures (°C) of all the plots starting from the 1st of January, for the three studied years. 
Time is expressed as DOY, Day of Year. 
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the earliest and latest melting plot during years 
2016 and 2018, while a difference of 25 days was 
assessed during year 2017. The interannual trend 
of snowmelt date (represented by the first spike 
after the flat line in Figure 1) was consistent 
throughout all the plots.      
All the correlations between plant species 
phenophases and DOY, DFSM and GDD were 
significant with high R values (Figures 3, 4 and 5). 
The value of the comparison of Spearman’s 
coefficients highlighted that correlation between 
plant phenophases and DOY was always lower than 
correlations between phenophases and DFSM and 
GDD, this trend being consistent throughout all the 
species and functional pools. Correlation 
coefficients of DFSM and GDD were considerably 
similar, with the first being slightly higher than the 
latter for eight out of ten species. The only 
exceptions were P. alpina and A. rupestris where 
the two values were equal. 
 
Figure 3 Correlations between phenophases of the snowbed species and Day Of Year (DOY), Days From Snow Melt 
(DFSM) and Growing Degree Days (GDD). Every point represents the median phenophase of the 16 subplots at a 
defined survey date in a single plot and year.  Plant phenophases are expressed as a progressive number following the 
adaptation of BBCH scale (Hack et al. 1992). Spearman’s r and significance of the correlation are indicated in every 
chart. 
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For all the species and phenophases, DOY 
values were the most unstable, with significant 
differences among years recurring in all the cases 
(Table 2). Moreover, while considering the DOY 
values of different species and phenophases, 80% of 
the cases showed exactly the same trend along the 
growing season. The DOY values for 2016 and 2018 
were always grouped in the same post-hoc group 
and set apart from year 2017, which showed lower 
values. Not significant difference among years was 
detected in 56% of the cases for the DFSM models 
and 33% of the cases for GDD models. The results 
were not consistent throughout all the species and 
phenophases. For some species the response to the 
variables was mutually exclusive (R. glacialis and A. 
rupestris were responsive to DFSM only, not to 
GDD) while for L. alpinopilosa and L. alpina the 
responses to both variables were perfectly 
 
Figure 4 Correlations between phenophases of the grassland species and Day Of Year (DOY), Days From Snow Melt 
(DFSM) and Growing Degree Days (GDD). Every point represents the median phenophase of the 16 subplots at a 
defined survey date in a single plot and year. Plant phenophases are expressed as a progressive number following the 
adaptation of BBCH scale (Hack et al. 1992). Spearman’s r and significance of the correlation are indicated in every 
chart. 
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overlapped. E. minima was the only species 
insensitive to both DFSM and GDD and, to a lesser 
extent, A. pentaphyllea and P. alpina, which 
responded to DFSM only and in a single phenophase, 
were moderately insensitive. However, most of the 
species showed a lack of significant interannual 
variation. Seven species were responsive to DFSM or 
GDD in at least two phenophases, and for a total of 
four species (i.e. G. supinum, S. herbacea, A. 
rupestris, V. alpina) the DFSM alone or 
alternatively DFSM or GDD were fitting in the 
description of all the three selected phenophases.  
2.2 Interspecific differences 
When analyzing interspecific differences 
(Figure 6) species had similar responses when 
considering DFSM and GDD, whereas with a slight 
difference concerning DOY in phenophase 20 
(Flower buds visible) and 50 (Beginning of seed 
dispersal). The species were equally sorted also in 
phenophase 35 (Full flowering) for all the variables. 
The same species showed a recurring distribution 
throughout most of the phenophases: R. glacialis 
and S. herbacea always reached the three 
phenophases at the lowest values of DOY, DFSM 
and GDD, together with L. alpina during the flower 
buds phenophase. E. minima and A. rupestris 
always achieved the selected phenophases at the 
highest values of DOY, DFSM and GDD, as well as 
G. supinum during the flower buds and full 
flowering phenophases and with A. pentaphyllaea 
during the dispersal phenophase. L. alpina had an 
early onset just for the first phenophase, while the 
remaining species have an intermediate 
phenological development.  
The model run with species grouped in 
functional pools did not highlight any significant 
difference in the achievement of the three 
phenophases, regardless of the selected variables 
(Table 3). 
3    Discussion 
3.1 Interannual differences 
Although Climate Change models foresee a 
significant snowfall reduction in the Alps, higher 
elevation areas located in the alpine belt (i.e. above 
the treeline), such as the Cimalegna plateau, are 
currently facing a less dramatic change in snow
 
Figure 5 Correlations between phenophases of the debris species and Day Of Year (DOY), Days From Snow Melt 
(DFSM) and Growing Degree Days (GDD). Every point represents the median phenophase of the 16 subplots at a 
defined survey date in a single plot and year. Plant phenophases are expressed as a progressive number following the 
adaptation of BBCH scale (Hack et al. 1992). Spearman’s r and significance of the correlation are indicated in every 
chart. 
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Table 2 Comparison of mean values of Day Of Year (DOY), Days From Snow Melt (DFSM) and Growing Degree Days 
(GDD). The mean value of DOY, DFSM and GDD for each phenophase and species is reported, alongside with the 
corresponding standard error (Phenophase 20=Flower buds visible, 35=Full flowering, 50=Beginning of seed 
dispersal). Letters are assigned with Tukey’s post-hoc and listed only when there is a significant difference (P < 0.05). 
ns means the difference is non-significant, while the symbol - means there are no values available. Phe.= Phenophase. 
(-Continued-) 
Functional 






2016 208.5 ± 1.43 B 22.4 ± 2.05 
ns 
221.0 ± 18.21 B 
2017 190.2 ± 1.66 A 25.8 ± 2.20 251.6 ± 29.42 B 
2018 210.6 ± 4.08 B 17.4 ± 1.86 167.5 ± 18.52 A 
35 
2016 227.9 ± 3.84 B 41.8 ± 4.11 B 413.3 ± 40.63 B 
2017 199.8 ± 2.81 A 37.8 ± 1.89 AB 371.0 ± 25.79 AB 
2018 225.0 ± 4.25 B 31.8 ± 2.19 A 316.6 ± 19.02 A 
50 
2016 258.1 ± 1.78 B 71.9 ± 2.62 B 712.3 ± 20.72 B 
2017 237.7 ± 1.73 B 75.7 ± 1.43 A 760.8 ± 24.58 B 




2016 218.7 ± 2.20 B 31.4 ± 2.65 
ns 
300.3 ± 24.21 AB 
2017 198.0 ± 1.57 A 30.6 ± 1.39 320.4 ± 18.35 B 
2018 219.7 ± 2.75 B 26.2 ± 1.76 259.6 ± 18.52 A 
35 
2016 234.5 ± 2.04 B 47.3 ± 2.08 
ns 
465.5 ± 22.86 
ns 2017 212.4 ± 3.59 A 47.1 ± 2.14 465.3 ± 24.98 
2018 237.5 ± 3.65 B 44.0 ± 2.07 429.2 ± 15.82 
50 
2016 249.3 ± 1.11 C 62.0 ± 1.55 B 630.1 ± 17.19 
ns 2017 233.5 ± 3.38 B 68.3 ± 2.26 A 678.1 ± 29.44 




2016 207.0 ± 2.15 B 20.2 ± 1.99 
ns 
194.4 ± 25.43 
ns 2017 193.3 ± 1.98 A 27.2 ± 3.23 261.8 ± 26.85 
2018 211.0 ± 3.89 B 16.7 ± 2.58 156.2 ± 26.30 
35 
2016 238.3 ± 0.78 C 51.5 ± 1.28 B 510.0 ± 13.74 C 
2017 204.9 ± 3.35 B 38.7 ± 3.64 A 407.1 ± 34.41 B 
2018 225.5 ± 3.60 A 31.3 ± 2.10 A 307.0 ± 20.35 A 
50 
2016 259.7 ± 1.98 B 73.0 ± 2.01 
ns 
701.3 ± 20.95 
ns 2017 234.9 ± 2.12 A 68.7 ± 2.49 697.4 ± 30.07 
2018 257.0 ± 2.28 B 62.7 ± 2.37 589.3 ± 29.38 
Salix herbacea 
20 
2016 203.7 ± 1.59 B 14.9 ± 2.22 
ns 
141.4 ± 22.75 B 
2017 188.5 ± 1.50 A 13.5 ± 1.50 118.0 ± 19.00 AB 
2018 205.7 ± 2.54 B 12.2 ± 1.06 105.3 ± 10.82 A 
35 
2016 211.6 ± 1.90 B 24.3 ± 1.77 AB 233.8 ± 19.62 
ns 2017 193.8 ± 1.19 A 26.2 ± 1.99 B 248.8 ± 23.12 
2018 214.1 ± 2.48 B 20.6 ± 1.39 A 198.2 ± 15.85 
50 
2016 240.8 ± 1.25 B 53.6 ± 1.63 
ns 
535.1 ± 20.51 
ns 2017 216.9 ± 2.46 A 51.6 ± 2.74 514.9 ± 24.09 






2016 232.9 ± 2.32 B 46.2 ± 2.46 
ns 
453.2 ± 26.54 B 
2017 206.4 ± 4.81 A 41.1 ± 3.29 453.3 ± 25.08 B 
2018 231.8 ± 4.37 B 39.2 ± 2.79 372.9 ± 30.82 A 
35 
2016 250.0 ± 2.17 B 63.3 ± 2.35 
ns 
642.5 ± 27.93 B 
2017 222.0 ± 4.99 A 56.8 ± 5.00 604.3 ± 21.47 B 
2018 246.2 ± 4.80 B 53.6 ± 2.89 516.9 ± 20.37 A 
50 
2016 266.9 ± 0.44 B 80.2 ± 1.38 
ns 
739.7 ± 20.64 B 
2017 231.9 ± 5.97 A 66.6 ± 6.30 710.0 ± 28.11 B 
2018 258.6 ± 4.23 B 66.0 ± 2.26 627.0 ± 14.94 A 
(-To be continued-) 
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dynamics than lower elevation areas located in the 
mountain and subalpine belts (IPCC 2019a). 
Moreover, the timespan of this study was not 
sufficient to witness evidence of Climate Change. 
Nevertheless, we detected a pronounced 
interannual variability especially in the date of 
Table 2 Comparison of mean values of  Day Of Year (DOY), Days From Snow Melt (DFSM) and Growing Degree 
Days (GDD).The mean value of DOY, DFSM and GDD for each phenophase and species is reported, alongside with 
the corresponding standard error (Phenophase 20=Flower buds visible, 35=Full flowering, 50=Beginning of seed 
dispersal). Letters are assigned with Tukey’s post-hoc and listed only when there is a significant difference (P < 0.05). 
ns means the difference is non-significant, while the symbol - means there are no values available. Phe.= 
Phenophase.(-Continued-) 
Functional 





2016 224.1 ± 1.73 B 36.9 ± 2.25 C 354.9 ± 23.07 B 
2017 206.4 ± 3.97 A 41.1 ± 2.53 B 425.9 ± 27.99 A 
2018 226.5 ± 3.33 B 33.0 ± 1.54 A 328.0 ± 13.28 B 
35 
2016 237.4 ± 0.18 B 50.1 ± 1.36 B 496.2 ± 16.71 B 
2017 222.5 ± 3.31 A 57.3 ± 2.56 A 571.9 ± 30.49 A 
2018 240.5 ± 3.76 B 47.0 ± 1.92 B 454.8 ± 13.02 B 
50 
2016 262.1 ± 0.66 B 74.9 ± 1.43 AB 712.3 ± 18.47 C 
2017 243.1 ± 1.30 A 77.9 ± 2.25 B 773.0 ± 25.82 B 




2016 204.1 ± 1.67 B 16.6 ± 2.92 B 157.8 ± 29.60 B 
2017 189.0 ± 2.00 A 20.0 ± 8.00 AB 188.5 ± 89.50 AB 
2018 200.2 ± 3.34 AB 7.7 ± 1.91 A 63.5 ± 14.91 A 
35 
2016 225.5 ± 2.64 B 38.2 ± 2.65 
ns 
370.0 ± 27.51 
ns 2017 205.9 ± 3.60 A 40.9 ± 1.62 391.3 ± 26.94 
2018 227.0 ± 3.44 B 34.5 ± 1.45 349.7 ± 15.80 
50 
2016 250.6 ± 1.90 B 63.4 ± 2.72 
ns 
638.1 ± 28.69 
ns 2017 224.6 ± 3.45 A 59.6 ± 1.85 582.9 ± 32.35 
2018 249.7 ± 2.86 B 57.2 ± 1.17 547.4 ± 17.65 
Poa alpina 
20 
2016 211.1 ± 2.42 B 23.8 ± 2.61 
ns 
228.6 ± 25.77 B 
2017 192.6 ± 2.03 A 25.1 ± 1.06 241.9 ± 17.16 B 
2018 213.3 ± 3.32 B 19.8 ± 2.03 189.4 ± 19.27 A 
35 
2016 238.8 ± 2.55 C 51.5 ± 2.21 B 530.0 ± 23.23 B 
2017 204.0 ± 2.22 B 38.8 ± 1.62 A 380.6 ± 11.13 A 
2018 229.3 ± 2.96 A 35.8 ± 2.28 A 356.4 ± 20.44 A 
50 
2016 255.7 ± 2.23 B 68.4 ± 2.45 B 680.7 ± 18.63 B 
2017 214.4 ± 3.10 A 49.1 ± 2.21 A 487.1 ± 17.80 A 






2016 209.3 ± - - 23.3 ± - - 222.2 ±  - 
2017 191.0 ± - - 41.0 ± - - 339.0 ± - - 
2018 203.8 ± 4.48 - 8.3 ± 2.59 - 65.1 ± 24.40 - 
35 
2016 206.0 ± 1.85 B 19.3 ± 2.43 
ns 
186.0 ± 23.71 AB 
2017 188.6 ± 1.07 A 24.7 ± 3.72 227.9 ± 32.88 B 
2018 210.3 ± 2.49 B 17.7 ± 1.15 153.1 ± 19.02 A 
50 
2016 232.5 ± 0.29 B 45.8 ± 1.62 
ns 
449.3 ± 17.84 AB 
2017 207.7 ± 3.88 A 43.9 ± 3.37 459.7 ± 20.39 B 




2016 213.6 ± 2.31 B 26.3 ± 2.77 
ns 
253.2 ± 28.71 
ns 2017 195.6 ± 1.95 A 30.4 ± 1.68 289.5 ± 19.71 
2018 217.6 ± 3.20 B 24.1 ± 2.18 235.5 ± 23.72 
35 
2016 231.0 ± 0.76 B 43.7 ± 1.68 B 427.4 ± 18.02 
ns 2017 208.5 ± 2.54 A 43.3 ± 0.92 B 426.6 ± 13.43 
2018 230.9 ± 3.14 B 37.4 ± 2.03 A 372.2 ± 19.63 
50 
2016 255.8 ± 0.90 B 68.5 ± 1.57 
ns 
681.3 ± 17.31 B 
2017 230.5 ± 2.88 A 65.3 ± 1.97 650.5 ± 26.41 AB 
2018 253.5 ± 2.09 B 62.0 ± 1.96 590.4 ± 23.28 A 
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snowmelt, which ranged up to one month over the 
three years of monitoring. Although the effect of 
microtopography determined some consistent 
variations in temperature and snowmelt across the 
plots, the weight of interannual differences was 
overwhelming on the general trend which set apart 
year 2017 from 2016 and 2018, enabling us to 
explore different scenarios. The snowmelt shift was 
mainly caused by various conditions of the 
snowpack, which can last longer according to 
spring temperature and snowfall dynamics during 
winter. For instance, the consistent amount of 
precipitation during winter 2017-2018 caused a 
thicker snowpack, resulting in a later snowmelt, 
while the relatively dry winter 2016-2017, with 
snowfall accumulation centered in December-
January led to an early snowmelt. The change in 
the snowmelt date resulted in a broad variation of 
the beginning of the vegetative season since, in 
snowbed communities, the onset of the first 
 
Figure 6 Interspecific differences through three selected phenophases and Day Of Year (DOY), Days From Snow 
Melt (DFSM) and Growing Degree Days (GDD). The chart is referred to all the monitoring years. The height of the 
column represents the mean value of DOY, DFSM or GDD at which the given phenophase was reached, together with 
its corresponding standard error. Different letters highlight significant differences among species (letters assigned 
with Tukey’s post-hoc tests for P < 0.05). The colors identify the three functional species pools: blue: debris species; 
yellow: snowbed species; red: grassland species. A.rup=Agrostis rupestris A.pen=Alchemilla pentaphyllea; 
E.min=Euphrasia minima; G.sup=Gnaphalium supinum; L.alp=Leucanthemopsis alpina; Lz.al=Luzula 
alpinopilosa; P.alp=Poa alpina; R.gla=Ranunculus glacialis; S.her=Salix herbacea; V.alp=Veronica alpina. 
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phenophases is believed to be strongly dependent 
on snowmelt (Körner 2003; Lessard-Therrien et al. 
2014; Wang et al. 2015). Indeed, findings from the 
correlations underlined how climatic differences 
among 2016, 2017 and 2018 heavily affected the 
whole temporal distribution of the phenological 
cycle. Despite the high correlation values between 
plant phenophases and DOY, DFSM or GDD, the 
first variable had always a lower Spearman’s r than 
the other two. The phenophases of most of the 
species were strongly correlated to DFSM and 
slightly less correlated to GDD with two exceptions, 
having nearly identical values. Photoperiod, which 
is proxied by DOY, is frequently referred to as an 
important cue in the timing of phenological events 
since it can help controlling extremely early or late 
development (Hülber et al. 2010; Steltzer and Post 
2009). Our results though addressed us towards 
the hypothesis of the relatively poor relevance of 
photoperiod as a single factor in the prediction of 
the phenological cycle of alpine plants when faced 
with the chance of interannual variability.  
The interactions between photoperiodism, 
temperature, and alpine plant phenology has been 
investigated with an experiment by Keller and 
Körner (2003), who highlighted a strong 
dependence of flowering on photoperiod for most of 
the species (seven of them are in common with the 
present study). However, whereas at longer day 
length flowering dynamics were mostly influenced 
by photoperiodism, at shorter day length species 
were more sensitive to temperature regimes. 
Moreover, some species were found to be insensitive 
both to light and temperature (R. glacialis), thus 
possibly influenced by different ecological factors 
such as snow disappearance. Further links between 
flowering phenology and photoperiodism were 
studied by Larl et al. (2006). This study focused on 
the pioneer species Saxifraga oppositifolia, proving 
how the initiation of the flower primordia was 
controlled solely by photoperiod, while the time of 
flowering, seed development, and shoot growth 
depended on the date of snowmelt. Regarding arctic, 
sub-arctic and nival biomes, the date of snowmelt is 
widely recognized to have an overwhelming effect on 
plant species onset (Totland and Alatalo 2002; Wipf 
2009).  
While the effect of DOY always expressed a 
high variability throughout the years, with a 
consistent trend that identified 2017 as fairly 
different from 2016 and 2018, the effects of DFSM 
and GDD were less variable among years. Indeed, 
while considering DFSM and GDD, we observed for 
most of the species the lack of significant 
differences amongst the three monitoring years. 
This result led us to recognize these two variables 
better predictors of the phenological development 
even across very dissimilar vegetative seasons. 
When the three years of the experiment were 
modelled together, we found most of the species 
appearing more strongly controlled by DFSM and 
GDD than by DOY, even if the trend was not 
consistent throughout all the species and 
phenophases. If such a finding highlights the 
presence of some fairly good predictors of the 
phenological cycle of the overall plant community, 
on the other hand it reflects some profound 
differences in the behavior of different alpine 
tundra species. Indeed, the study of plant 
phenology should address each species individually 
since either an overall approach and grouping in 
functional species pool would not grant reliable 
results. For some species (A. rupestris, R. glacialis 
and to some extent P. alpina and A. pentaphyllea) 
Table 3 Differences through the selected phenophases and variables in terms of functional species pools. Mean value 
of Day Of Year (DOY), Days From Snow Melt (DFSM) and Growing Degree Days (GDD) for each pool is expressed 




Flower buds visible Full flowering Beginning of seed dispersal 
Variable Group Mean  S.E.  Mean  S.E.  Mean  S.E.  
DOY 
Debris 203 ± 8.6 
ns 
213 ± 9.3 
ns 
236 ± 9.4 
ns Snowbed 204 ± 7.4 219 ± 8.2 246 ± 8.4 
Grassland 211 ± 7.4 229 ± 8.2 247 ± 8.4 
DFSM 
Debris 22 ± 6.3 
ns 
31 ± 6.6 
ns 
54 ± 6.2 
ns Snowbed 22 ± 4.7 37 ± 5.0 64 ± 4.6 
Grassland 29 ± 4.7 47 ± 5.0 66 ± 4.6 
GDD 
Debris 199 ± 67.4 
ns 
298 ± 69.5 
ns 
538 ± 60.0 
ns Snowbed 209 ± 51.0 360 ± 52.4 625 ± 46.0 
Grassland 288 ± 51.0 473 ± 52.4 640 ± 45.9 
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we were able to identify DFSM as a major driver of 
the phenological development. For most of the 
species, phenology seems to be related to both 
DFSM and GDD depending on the selected 
phenophase. For E. minima, the only studied 
annual species, we were not able to identify which 
variable best suited the description of the 
phenological cycle, even though results from the 
correlation analyses stressed how DFSM and GDD 
are always slightly superior to DOY. Likely, 
widespread annual species will persist in the next 
changing climate due to the ability to quickly adapt 
their phenology in order to track ideal seasonal 
conditions (Hereford et al. 2017). From our study, 
E. minima phenophases seemed not to rely on a 
specific temporal and climate-related variable. 
However, since a single species is not sufficient to 
assess the response path of the whole annual 
species group, we suggest as a forthcoming step to 
possibly analyze a larger number of plant annual 
species since the population dynamics between 
opportunistic widespread species and specialists 
will be crucial in shaping the future of such 
environments. 
3.2 Interspecific differences 
Literature is mostly concordant on behalf of 
the potential fragmentation and disappearance of 
snowbeds in the current Climate Change scenario 
due to alteration in snow dynamics (Hulber et al. 
2011; Legault et al. 2015; Sedlacek et al. 2015) and 
input of competitive, non-specialist vegetation 
from the nearby habitats (Heegard and Vandvik 
2004; Komac et al. 2015). Species with 
phytosociological optimum in different 
associations tend to show a wide range of strategies; 
snowbed specialists for instance are generally poor 
competitors (Kudo and Suzuki 1999; Onipchenko 
et al. 2004). They are more likely to struggle in 
shifting their phenological cycle when compared 
with opportunistic grassland species or pioneer 
species of the rocky outcrops (Gugger et al. 2015; 
Carbognani et al. 2014). Nevertheless, no 
significant difference emerged between snowbed, 
grassland and debris species, displaying how the 
phenological development is not affected by 
functional species pool and should be rather 
explored at a species level. When we tested in detail 
interspecific differences, the variability was 
significant. Such variability was expressed in a 
consistent tendency of each species to reach 
phenophases with a certain advance or delay, while 
confronted with the others. Due to the high 
number of species it was not possible to identify a 
consistent threshold value in order to separate 
them in categories. Even though such an objective 
value could not be found, observation of the charts 
suggested a well expressed pattern that led us to 
the identification of three phenological behaviors. 
We defined “early species” as the ones which were 
able to reach all the selected phenophases quite in 
advance, as opposed to “late species” which always 
achieved phenophases with a certain delay. Species 
with an in-between behavior and the tendency to 
sway in the middle of the first two groups were 
defined “intermediate”. This classification could be 
applied to all of our three variables with some 
minor variations. Overall, DFSM and GDD show 
more similarities since the behavior did not change 
depending on the selected variable nor on the 
phenophase. DOY exhibited a solid consistency 
with the other variables only when examined on 
the phenophase of full flowering. The variations 
illustrated in the remaining phenophases are 
mostly referred to the category of intermediate 
species, namely the ones not showing a strongly 
polarized behavior. Species with a pronounced 
early or late behavior in the achievement of the 
phenophases (S. herbacea, R. glacialis, E. minima, 
A. rupestris) were not affected by said variations, 
but they maintained respectively their early or late 
conduct. The occurrence of different behaviors 
represents the practice of different strategies, each 
of which bearing benefits and disadvantages. In 
case of an early disappearance of the snow layer, an 
extremely fast onset could determine exposure to 
structural damages, especially for flower buds, 
linked to spring frosts (Inouye 2008; Klein et al. 
2018; Vitasse et al. 2018). On the other hand, an 
exaggerated delay in the occurrence of late 
phenophases could lead to the failure to complete 
the reproductive cycle. Our findings highlighted 
not only how relevant the interspecific differences 
are when analyzing plant phenology, but also how 
the selection of a specific season-related variable 
could have a major role in describing the plant 
phenological cycle. Further research, based on 
similar comprehensive methods for the monitoring 
of alpine plant phenology, appears advisable to 
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take in account additional environmental factors 
(for instance chilling, soil nutrients or precipitation) 
to contribute to a more accurate modelling of the 
phenological behavior. 
4    Conclusions 
The snowmelt date and, to a certain extent, the 
thermal sum, resulted effective predictors for the 
phenophases of most of the species under 
consideration. The photoperiod, on the other hand, 
proved to be a less valuable predictor due to the 
failure to offset interannual variability. The 
synchronization of the phenological cycle with the 
disappearance of the snowpack and the 
temperatures is an evidence of the remarkable 
adaptation of these species to the peculiar 
conditions of the snowbed environment. 
Forthcoming changes in temperature and snow 
dynamics will have an impact on the vegetation 
communities in the long term. However, we 
highlighted the relevance of considering each 
species individually, since we reported major 
differences in the phenological behavior of a 
relatively homogenous plant community. The 
consistent achievement of all the phenophases at 
lower or higher values of DFSM and GDD 
determined the classification in three distinct 
groups. Species were defined early, late or 
intermediate regardless of their functional pools, 
and each of these strategies could bear benefits or 
disadvantages. While early species could profit 
from elongation of the season, they could also incur 
in the risk of frost damages to the reproductive 
structures. Late species will avoid such risks but 
could fail in concluding the phenological cycle.  
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